The decoding release factor (RF) triggers termination of protein synthesis by functionally mimicking a tRNA to span the decoding centre and the peptidyl transferase centre (PTC) of the ribosome. Structurally, it must fit into a site crafted for a tRNA and surrounded by five other RNAs, namely the adjacent peptidyl tRNA carrying the completed polypeptide, the mRNA and the three rRNAs. This is achieved by extending a structural domain from the body of the protein that results in a critical conformational change allowing it to contact the PTC. A structural model of the bacterial termination complex with the accommodated RF shows that it makes close contact with the first, second and third bases of the stop codon in the mRNA with two separate loops of structure: the anticodon loop and the loop at the tip of helix a5. The anticodon loop also makes contact with the base following the stop codon that is known to strongly influence termination efficiency. It confirms the close contact of domain 3 of the protein with the key RNA structures of the PTC. The mRNA signal for termination includes sequences upstream as well as downstream of the stop codon, and this may reflect structural restrictions for specific combinations of tRNA and RF to be bound onto the ribosome together. An unbiased SELEX approach has been investigated as a tool to identify potential rRNA-binding contacts of the bacterial RF in its different binding conformations within the active centre of the ribosome.
Introduction
Decoding of information within mRNA is predominantly a function of a tRNA that interprets each codon via pairing with its three-base anticodon. If the correct pairing is sensed by a process that involves specific recognition of base-pairing geometry by rRNA bases that contact the codon:anticodon pair, then there is a structural transition in the tRNA that brings the amino acid on the accepting arm of the tRNA into the peptidyl transferase centre (PTC) [1, 2] . The amino acid can now take part in peptide bond formation involving transfer of the growing polypeptide chain to the incoming amino acid. A high degree of fidelity has been assured. X-ray structures have shown that the active site of the ribosome is devoid of protein [3] [4] [5] , implying these events involve RNA almost exclusively with the tRNA, mRNA and rRNA, all playing key roles. It is observations like these that have consolidated the concept that the ribosome is an 'RNA machine' [6] . However, each X-ray structure represents a fixed snapshot and it remains a theoretical possibility there are undetected conformational changes that bring a ribosomal protein(s) into the active centre at an individual step of protein synthesis [7] .
One signal in the mRNA that does not ultimately result in the incorporation of an amino acid and yet is part of the genetic code is the stop codon responsible for protein synthesis termination [8] . Freed from the necessity of bringing in a new amino acid, there is no a priori reason to involve a tRNA in this step; hence, the discovery that the decoding molecules for stop codons were indeed proteins and not Accommodating the bacterial decoding release factor as an alien protein among the RNAs at the active site of the ribosome RNA, while unexpected, was perhaps not surprising [9] . Through to the 1980s, the expectation was that a ribosomal protein would be the enzyme for peptide bond formation, and there were several prime candidates [10] . At this time, the fact that an extrinsic decoding protein might join the intrinsic ribosomal proteins to carry out the function of stop signal decoding and assist in the release of the polypeptide seemed unremarkable. A new and more interesting perspective was suggested when X-ray structures revealed that the active centre of the ribosome was devoid of protein since the decoding protein release factor (RF) had to carry out its functions in an RNA environment made up of the mRNA, rRNA and the adjoining peptidyl-tRNA carrying the completed polypeptide. The implication was that the decoding RF somehow mimicked a tRNA in being able to communicate through a distance of ~70 Å with both the mRNA in the decoding centre (DC) of the small ribosomal subunit and the PTC of the large ribosomal subunit [11, 12] . The completed polypeptide is released from the peptidyltRNA by hydrolysis, so that it can now, untethered, finish threading its way through the exit tunnel of the ribosome ready for folding and the outside cellular world.
These concepts posed some interesting questions on how the decoding RF might function, for example, whether the factor communicated directly or indirectly with the two active sites on the ribosome for decoding and catalysis. A direct decoding model would imply the decoding RF might have a structural feature similar to the tRNA anticodon to recognize the stop codon directly and, as described below, this appears highly likely. A key question is how the fidelity of recognition is maintained to guard against premature release of a growing polypeptide and this is still unresolved. The most intractable functional question is whether the RF plays a direct role in the hydrolysis reaction by inserting catalytic residues into the PTC or an indirect role by altering the structure of the PTC to allow correct positioning of the water molecule used to mediate the hydrolysis reaction.
The question of how the decoding RF accommodates to a site (the ribosomal A site) that has been sculptured throughout evolution specifically for a tRNA and is lined almost exclusively with rRNA is a fascinating question. Each tRNA enters the A site as a ternary complex with a delivery elongation factor (EF-Tu) and GTP and leaves the A site by cycling through the inter-subunit cleft between the Peptidyl and Exit sites before leaving the ribosome at the opposite side to which it entered. The decoding RF seems not to use the same escape route but rather a complex mechanism to 'back out' of the A site by the route it entered with the help of a second class of RF and guanine nucleotide. Interestingly, not only has this mechanism uniquely different features in eukaryotes and prokaryotes [13] but also the eukaryotic decoding factor (eRF1) [14] and prokaryotic factors [15] [16] [17] are structurally distinct. This implies that the termination mechanism involving these extrinsic factors might have evolved more than once and the similarities observed today are an example of convergent evolution. As a protein-mediated mechanism in an exclusively RNA alien environment, the specific termination event may have evolved when protein synthesis was already well established.
Progress in answering these questions is discussed with new unpublished data added that enhances our understanding of this step of protein synthesis.
Methods
Methods [18, 19] used for obtaining the novel data discussed here and brief strategies for already published experiments are described in Supplementary Information.
Review
This discussion is a synthesis of published data together with new and unpublished experiments to give our best current understanding of the termination mechanism on bacterial ribosomes. Published experiments are referenced and examples of experiments to document these data are shown in some figures, but where the data are novel and unpublished this is noted.
Is the decoding RF a tRNA mimic?
Biochemical data collectively provided compelling evidence that the decoding RF had an important role in both of the key parts of the ribosomal active site, the DC where information in the mRNA was interpreted and the PTC where the catalytic activities of the ribosome were mediated. A tRNA analogue model was proposed [11] that there were at least two structural domains on the RF: one would be involved in decoding the stop signal in the mRNA and the other in the hydrolysis reaction to release the completed polypeptide at the PTC. These domains would be complemented by at least one other domain or structural element to interact with the second class of RFs for recycling the decoding factor. This model implied the decoding RF would be a highly extended molecule like a tRNA that normally occupied the site during sense codon decoding in that it had to span the ~70 Å between the decoding site and enzyme centre of the two ribosomal subunits ( Figure  1A ). It was supported by two key observations. Firstly, it was possible to crosslink the RF to a modified base of the stop codon [20, 21] . This observation implied the RF was in close contact with the stop codon and, therefore, suggested a direct role for the factor in codon recognition at the DC. Secondly, the hydrolysis function of the PTC could npg be abolished by cleavage of a single apparently exposed peptide bond within the ribosome-bound factor (determined to be between residues 244 and 245 in bacterial RF2) [11] . The single cleavage somewhat enhanced the decoding function of the molecule. This implied not only was the factor in close contact with the enzyme centre and the DC but also that perhaps the two domains were conformationally coupled. The clear implication was that the decoding RF spanned the distance between the decoding and catalytic parts of the active centre of the ribosome just like a tRNA for critical functional roles and, therefore, was a functional mimic of the tRNA. The concept of structural molecular mimicry among protein synthesis factors and their complexes arose as a result of the X-ray structures of several factors with ligands attached. The initial example showed strikingly that the elongation factor (EF-G in bacteria) that translocates the tRNA through the ribosome was a structural mimic of the elongation factor that delivers the aminoacyl tRNA to the ribosome (EF-Tu in bacteria) when that factor was complexed with its tRNA [22] [23] [24] [25] . The tRNA bound to EF-Tu was mimicked by domains III, IV and V of the protein structure in EF-G. A similar structural mimicry was subsequently proposed for the two classes of RFs [12] , decoding RF (RF1 and RF2 in bacteria) and recycling RF (RF3 in bacteria), although at that time no structures were available. The model proposed that RF3 was like EF-Tu (both are translational G proteins with GTPase activity) and that the decoding RF would mimic a tRNA structure (and thereby by implication domains III, IV and V of EF-G) to give the same overall shape as the EF-G and the EF-TutRNA ternary complex. In reality, this highly attractive idea has proven too simplistic in the case of the RFs. Motifs in RF3 suggest significant homology not only to the G domains of EF-Tu but also to domain IV of EF-G, implying this part of the molecule may reach deep into the DC near the mRNA [26] , perhaps disrupting the interactions of the decoding RF with the mRNA and surrounding RNA [27] . This is shown with the RF3 structure displayed by homology modelling against the EF-G sequence ( Figure 1B) . As described below, it is now clear decoding RFs undergo dramatic conformational changes that make structural mimicry less relevant.
Does this mean then the tRNA analogue model [11] was restricted only to functional mimicry and not to structural mimicry? When the first structure of a decoding RF (human eRF1) was published in 2000 [14] , it was found to be highly extended and 70-80 Å apart at its extremities, consistent with it being a tRNA analogue. One domain, characterized by a GGQ at its tip, was invoked to contact the enzyme centre, and a NIKS motif in a separate domain at the other extremity was invoked to be involved in decoding [14] . It was somewhat 'fatter' than a tRNA and had an extra domain now known to interact with the class II factor, eRF3, but still consistent with structural mimicry as well as functional mimicry of the tRNA. What of the bacterial decoding RFs? After many unsuccessful attempts by several groups, a structure of a bacterial factor (RF2) was finally published in 2001 [15] . Highly surprising was that it did not resemble the human eRF1 structure, nor was it tRNA-like, but rather it was considerably more compact. It certainly did not fit the tRNA analogue proposal. While it was tempting to speculate that this was a rare non-physiological form (a crystallization artefact), the same structure was resolved from crystals with different unit cells, and later the second bacterial factor, RF-1, was shown to have the same overall structure. Puzzlingly, two motifs characterized biochemically and genetically as likely to be involved at the DC [28] and the enzyme centre, respectively [29] , were quite close together (27 Å) in the structure and could not span the two The release factor at the ribosomal active centre 594 npg parts of the ribosomal active centre. One of the motifs, the tripeptide sequence GGQ [29] (the only sequence in common between the prokaryotic and eukaryotic factors), was expected to be at the PTC, whereas the other motif, PXT in RF1 and SPF in RF2 [28] (proposed as the 'anticodon' responsible for discrimination of the second and third bases of the stop codon after an elegant series of genetic studies that achieved codon switching dependent on these bases), was expected to be at the DC. The RF2 structure presented a puzzling paradox as to how the RF functioned on the ribosome. Further experiments have resolved this paradox by revealing that the molecule undergoes a highly significant conformational change [19, [30] [31] [32] [33] .
How do the bacterial RFs function at the decoding site?
What was the detailed evidence that had placed the RF protein in close contact with the DC of the small ribosomal subunit? When the stop codon was in the decoding site as part of a designed mRNA that contained a unique crosslinking moiety as part of a modified stop codon (a side chain oxygen of the first base U had been substituted with a slightly larger sulphur atom to give 4 S U), covalent linkage between bacterial RF2 and the mRNA within a ribosomal termination complex could be activated by UV light at a specific wavelength [20, 21] . As the crosslinking was effectively 'zero-length' it occurred between molecules that were in very close contact. When the mRNA was radiolabeled, a new radioactive species could be identified (shown in Figure 2A ) and this was reduced to the size of the native protein after RNase T1 digestion that left just a dinucleotide attached to the protein, implying that the contact between the RF and the stop codon was very intimate.
A detailed search for the crosslinked site on the bacterial RF2 used in the experiment involved cleavage of the factor by specific proteolysis with chymotrypsin. The peptide fragments were separated by HPLC to detect any that were radiolabeled (that is, had the RNA dinucleotide attached). One radioactive peptide was identified and shown to contain the sequence DIQ. This placed the crosslink within the a5 helix region of RF2 [15] towards the N terminus of the molecule (131-133), somewhat distant from the SPF motif (207-209) identified by Ito et al. [28] as discriminatory at the second and third bases of the stop codon, but closer to the site of a number of charge-switch mutations that result in relaxed codon recognition [34, 35] . Nevertheless, we did not publish details of the crosslink site on the RF since there was no supporting biochemical evidence or a contextual biological explanation. Recently, however, with the publication of the compelling X-ray structure of the bacterial termination complex by Petry et al. [32] , this has been provided. While it was not possible to resolve the electron density of the anticodon loop from that of the stop codon due to the medium resolution of the crystal structures, in this depiction there was an unexpected feature, the a5 helix/loop on the factor containing the DIQ sequence was oriented towards the first base in a manner that could explain why a crosslink directed away from a moiety within this base of the stop codon might have occurred with this sequence on the protein. DIQ is just three amino acids from the GG at the tip of the a5 loop ( Figure  2B ). Collectively, biochemical data and structural analysis provide strong evidence that the bacterial decoding RFs are intimately involved in stop codon recognition and highlight which part of the RF structure is involved in first base discrimination.
Is the decoding RF more promiscuous than a tRNA in its contacts?
When the stop codon enters the ribosomal A site, the 'last' tRNA carrying the completed polypeptide occupies the P site. Petry et al. [32] were able to obtain stable ribosomal complexes with RF only when a tRNA occupied the P site and mRNA was present in the complex. This implies that the tRNA is contributing to the stability of the RF binding either indirectly by stabilising the conformation of the ribosome or directly by providing a binding face for the RF. We have determined whether the RF makes close contact with the P-site tRNA at the decoding site near the anticodon by determining whether the base adjacent to the anticodon of a P-site tRNA Arg (base 32) can crosslink to the RF. Figure 3A shows a cartoon of the orientations of the P-site tRNA with the crosslinking moiety indicated. When crosslinks were activated by light of the appropriate wavelength, the tRNA was able to form crosslinks to the RF as shown in Figure 3B (previously unpublished). This indicates that the RF makes close contact with the P-site tRNA. It may reflect that the RF has structural dimensions when on the ribosome that are somewhat wider than a tRNA and that it 'squeezes' into the A site.
Ito et al. [28] had identified a tripeptide motif in domain II of the RF proteins that differed between the two bacterial factors and seemed to be the key to discrimination between A and G in the second and third position of the stop codon. A and G are both allowed in the second and third positions of stop signals but only one decoding factor, RF2 (UAA, UGA), can recognize G in position 2 and only the other factor, RF1 (UAA, UAG), can recognize G in position 3. This recognition profile can exclude UGG as a stop codon since neither factor is able to recognize G at both positions. While no definitive evidence for contact between these motifs and the mRNA was provided in these elegant genetic studies, it was strongly implied as switching the unique motifs in each factor was accompanied by a change in their codon specificity. A model for discrimination at the second and third bases was presented [28] ( Figure 4A ).
We engineered RF2 to remove its two cysteines at positions 128 and 274 (replacing them with alanine and serine, respectively) with no significant loss of functional activity and then inserted a cysteine at 204, and at 209, in two different constructs spanning the tripeptide motif (SPF 205-207) identified by Ito et al. [28] . The PAT and SPF motifs of E. coli RF1 and RF2, respectively, were modelled as 'anticodons' to explain how the second and third bases of the stop codons could be differentiated by these factors to give their specific recognition patterns (RF1 UAG; RF2 UGA). This diagram was modified from Ito et al. [28] . (B) The SPF specific region of RF2 was mapped exclusively to rRNA from one of the two ribosomal subunits. The cleavages in E. coli rRNA derived from hydroxyl radicals generated from near The release factor at the ribosomal active centre 596 npg bromoacetamidobenzyl)-EDTA (BABE) was attached to the specific cysteine, newly engineered into the protein so that Fenton chemistry could be used to activate the generation of free hydroxyl radicals at the site. This enabled the mapping of desired sites on the factor (in this case the SPF motif) to ribosomal co-ordinates, after forming a ribosomal complex and activating the radical production. The radicals cleave the rRNA at sites with which they collide and, in principle, the most frequent cleavages represent those parts of the RNA nearest to the site of radical generation. Specific cleavages were found only in the small subunit rRNA, with none identified in the rRNA of the large subunit. When mapped onto the three-dimensional model of the ribosome as determined by X-ray crystallography, they formed a ring delineating the DC of the ribosome [19] ( Figure 4B) . Collectively, the data from the crosslinking studies and from the subdomain swapping experiments implied that the discriminatory motif was at the DC and must be at least near the mRNA, and the hydroxyl radical mapping provided compelling support for a major role of RF in termination codon recognition.
The X-ray structure of the termination complex [32] modelled the loop containing the SPF motif of RF2 (PXT of RF1) into the decoding site. In the modelled structure, the discriminatory motif was in the near vicinity but not in close contact with the second and third bases of the stop codon as predicted although it is likely the region is restructured when the termination complex forms (see Figure 2B) . It was not possible to resolve the merging density between the RF and the mRNA in the ribosome structure to derive the actual contacts in the structure. This loop does not appear to have flexibility in the crystal structures of the RFs [16] .
The eukaryotic RF has been shown not to respond to a simple triplet codon, but requires four bases as a minimum for activity in vitro unlike the bacterial factor that has activity with the three base codons as specified in the genetic code [37] . Nevertheless, the concept that the stop codon might extend beyond three bases in bacteria as well as in eukaryotes was provided by statistical analyses of the gene regions around stop codons in a wide range of organisms. After correcting for the slight bias in the occurrence of each of the four bases (A, G, C and T) between positions 1 and 3 of sense codons, there is no further bias apparent as one moves through the coding region in genes towards the stop codon. Before the stop codon is reached, however, a clearly identified reproducible bias is revealed and it is still present for a short section of sequence after the stop codon. Then the unbiased pattern returns within the untranslated region. Identified initially in E. coli since it was the first organism where significant numbers of gene sequences became available [38] , this presented as the classic signature of a sequence element. Subsequently, it has been found in the genes of almost all organisms examined [39] . The pattern revealed that for the genes in many organisms the most striking bias was in the position immediately following the stop codon (+4). This suggested a promiscuity of contacts by the RF with mRNA compared with tRNA and that the RF may make further contacts with bases downstream of the stop codon. This would be part of an extended sequence element for the molecular signature of the termination signal [8] . We tested the significance of this experimentally in vivo in bacteria and in biochemical crosslinking studies. Indeed, in E. coli where the +4 base was altered, each of the three stop codons showed a widely differing hierarchy of termination signal efficiencies dependent on the identity of this base ( Figure 5A ). Strength of 4-base signals, UAAN and UGAN, correlated well with the frequency at which they are found at natural termination sites in E. coli [18] . Moreover, if the crosslinking moiety was placed on the +4 base within the designed mRNA, then a crosslink additional to that found from position 1 was obtained, indicating that the decoding RF also made close contact with this base. How does this potential interaction of the decoding RF with the fourth base affect orientation of the protein to the first base? We determined how the fourth base affected the crosslink between the first base of the stop codon and the decoding RF. As an example, as shown in Figure 5B (previously unpublished), a change from +4 G to U following the UAA stop codon enhances the strength of the crosslink between the first base of the stop codon and RF1, which preferentially recognizes these stop codons. Petry et al. [32] observed that electron density attributable to the decoding RF extends to the fourth base of the termination signal, as we predicted from our biochemical studies. X-ray studies with mRNA complexed with cognate and non-cognate tRNA on the ribosome gave great insight into how structural changes in nucleotides of the rRNA in particular were important for decoding fidelity, with the rRNA acting as a sensor for correct codon/anticodon pairing that was particularly stringent at the first and second base positions. It was less so at the wobble third position, thus providing an explanation of how a tRNA can recognize more than one codon differing in the third position. The antibiotic paromomycin that causes miscoding was used to trap the flexible rRNA bases in the conformation normally adopted when the codon/anticodon recognition is cognate (and fool the ribosome to incorporate an amino acid in error) [1, 2] . After sensing cognate interaction, a more profound conformational change in the tRNA is triggered so that it bends into the PTC for the incoming amino acid to be incorporated into the growing peptide chain. Could this occur with the stop signal? There may be analogies with the recognition of the cognate bases of the stop signal, with the RF fixing parts of the DC in a particular conformation, which then triggers a greater conformational change in the ribosome or RF that facilitates its activities at the PTC. The structural data from the termination complex have not yet reached a high enough resolution to suggest how fidelity of stop signal decoding might be controlled and whether there are indeed structural changes in the rRNA.
In vivo studies suggest there is a very high level of selectivity by RF for genuine stop codons [40] , and yet site-directed crosslink studies in vitro with physiologically relevant buffers show the RF can enter a termination complex and make contact with codons to give productive crosslinks when only one of the second and third bases is cognate (the first base U is fixed and contains the crosslinking moiety (Poole and Tate, unpublished)). For example, a crosslink is obtained with UCAG or UAGG and RF2, which are non-cognate in the second and third positions, respectively, but not with UCGG where both the second and third bases are non-cognate. This implies there may be rather loose initial scanning, with the site-directed crosslinks occurring in an initial binding state. Such non-cognate interactions do not lead to termination of the growing polypeptide prematurely in vivo, otherwise a completed protein would never occur. The very low decoding error rates in vivo suggest there must be another step, similar to tRNA accommodation for regular sense codons, that results from this initial scanning of the cognate or non-cognate complex between the RF and stop codon. Resolving this question will be a challenge for the future.
After a comprehensive study of how the sequences upstream and downstream of the stop codons affect the efficiency of termination and the preclusion of readthrough or frameshifting in specific in vivo assays, we defined the sequence element for the E. coli stop signal as a 12-base sequence, of the form NNN NNN STOP NNN [39, 41] . The involvement of the downstream nucleotides in the signal may be explained by the interactions these bases make with the RF since not only could we detect crosslinks from the +4, +5 and +6 positions of the mRNA to the RF but not beyond [42] , but also bases in these +4 to +6 positions affected the efficiency of the signals when under competition from either non-cognate readthrough in the presence or absence of suppressor tRNAs, or from programmed frameshifting [39, 41] . These results were also consistent with the accumulating bioinformatics predictions that indicated a bias beyond the +4 base. The region of the RF forming crosslinks to the +4, +5 and +6 positions is not obvious from the crystal structure of the termination complex [32] . However, these crosslinks may occur when the RF is in a different conformational state to the one modelled into the crystal structure, which is a conformational state where scanning of the cognate/noncognate interaction is still to occur.
The involvement of six upstream bases in the mRNA in the defined signal was not so easily explained as these bases are already occupying the P and E sites and are involved in other interactions. However, as described above, there may be a restriction on the tRNAs that can best be accommodated in the P site (and E site) when RF occupies the A site. This could explain why there is a strong bias in codon pairs involving the last codon and the stop codon [43] with some missing altogether in gene sequences and others occurring at widely differing frequencies, suggesting some tRNAs are restricted from occupying the P site as the last tRNA in a termination complex. The codons that show strong positive selection bias at the last codon position in general are recognized by single species of tRNAs that are hyper modified at position 34 or 32 or 37 or combinations of these positions [39] . These modifications could be binding determinants that stabilize the RF-stop codon interaction and increase the rate of decoding of the signal and, thereby, would explain why a crosslink from position 32 of the P-site tRNA is possible (see Figure 3B ).
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The release factor at the ribosomal active centre 598 npg This then could provide an explanation for the inclusion of the last codon in the termination signal. Essentially, these upstream sequences may, despite being a linear signal, communicate three-dimensional information that affects the architecture of the ribosomal A site into which the 'alien' RF protein binds.
We tested whether upstream sequences affected the RF orientation to the first base of the stop signal, utilising sitedirected crosslinking when different codon/tRNA combinations were in the P site. As shown in Figure 6A (previously unpublished), the crosslink profiles from the first base of the stop codon to the RF in the A site were significantly affected by the specific identity of the tRNA in the P site. The orientation of the factor to the stop signal at this key invariant position was clearly affected by the adjoining tRNA, specified by the codon in the upstream part of the defined sequence element. This can explain why the last codon (the NNN adjacent to the stop codon in the sequence element) was highly influential on the efficiency of stop codon readthrough as determined in a series of studies by Isaksson and colleagues [44, 45] . Moreover, if a Shine and Dalgarno element that can base pair with the 16S rRNA is placed upstream of the stop codon, as is found in the frameshift site for the prfB gene encoding RF2, then the orientation of the first base of the stop codon to the decoding RF is again affected as determined from the site-directed crosslinks ( Figure 6B ). This is of specialized interest for the rare frameshift mechanism that occurs during the translation of the RF2 mRNA. The UGA stop signal at the RF2 frameshift site has been determined to be particularly weak because of its downstream context, CUA, with this being the weakest of the 64 possible combinations for this +4 
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. Additionally, however, the stop signal strength may be further compromised by the upstream interaction between the Shine and Dalgarno sequence in the mRNA and the rRNA that clearly has the potential to exert an influence downstream and lower the rate of recognition of the factor for this internal stop signal. This is additional to the major effect of this interaction at the frameshift site that has been shown to destabilize the E-site tRNA leading to the existing frame being maintained only by a single codon/anticodon base pairing and thereby primed for failure [46] .
Are there interaction sites for the decoding RF at the active centre of the ribosome?
As described above, a paradox existed initially between the crystal structure of the bacterial decoding RF as a compact structure and the function of the protein in spanning the two parts of the ribosomal active centre. Key motifs on the RF off the ribosome were only 20-30 Å apart and yet npg on the ribosome seemed to be close to the decoding and the catalytic centres that were 70 Å apart. Two cryoelectron microscopy studies resolved this paradox by showing a much more elongated structure than the crystal structure [30, 31] . It was clear domain III had undergone a rotation away from the body of the protein like the derrick of a crane, and with this massive conformational change now extended up to the PTC, with the superdomain (domains II and IV) oriented towards the DC. How and when this structural change occurs is still not clear, but it seems likely to occur at some point when the factor is binding or has initially bound to the ribosome. An alternative model has been proposed that both the open and closed forms of the structure occur in solution in equilibrium but only the open form binds to the ribosome. Small-angle X-ray scattering data from E. coli RF1 and a functionally active truncated RF1 derivative have provided evidence for the existence of RF1 in the open cryoelectron microscopy conformation in solution [47] . The flexibility of the open form untethered in solution might then explain why this form was not captured in an X-ray structure.
What seems most likely is that there are at least two binding states of the decoding RF on the ribosome and they may have quite different ribosomal footprints. Moreover, even though the two cryoelectron microscopy studies used the same source of RF/ribosome complexes, the density attributed to the decoding RF was not identical, and the orientation of the modelled factors also differed from the X-ray structure of Petry et al. [32] . These may simply reflect the limitations of the resolutions of the structures analysed rather than real differences. However, these structures represent snapshots of the decoding factor on the ribosome and, equally likely, there may be a dynamic pattern of ribosomal interactions of the RF with the proteins at the entrance to the active centre of the ribosome, and then with rRNA within the centre, reflective of multiple binding states during the termination process.
The footprint of the bacterial RF on the ribosome
Little is known on the exact details of the RF footprints on the ribosome. How might the subtleties of these footprints be elucidated biochemically? As a start to resolving this problem, we have trialled a modified SELEX procedure that had been used successfully to define more precisely known binding sites of specific ribosomal proteins with rRNA [48] [49] [50] after fragmentation of the rRNA into short sequences. Importantly, the binding sites of these proteins with intact ribosomes were reproduced from the fragmented rRNA, showing that the technique could identify physiologically relevant short binding motifs. The aim in our study, in contrast, was to probe unknown interactions between the RF and rRNAs to see whether this technique might be appropriate to define rRNA contacts made by the decoding RF. In vitro Selection from Randomly Fragmented rRNA (SERF) is described here with the two different bacterial decoding RFs: RF1 and RF2 from E. coli. Each makes functional interactions with the rRNA-rich ribosomal A site of the E. coli ribosome. We have correlated the data with the published literature on known ribosomal regions of interaction. The release factor at the ribosomal active centre 600 npg Interactions between rRNAs of both ribosomal subunits and RFs are likely to be essential for correctly positioning the factors into the ribosomal A site. Indeed, whereas the interaction of RF2 with the E. coli 70S ribosome can be documented readily, for example, on an immunoblot after separation of the ribosome complex from the unbound fac- [52] . The selected fragments of large subunit rRNA bound to RF1 (C) and RF2 (D) are shown in multiple colours. Nucleotide numbers for each fragment and associated helices in brackets are given. The L1 region has a disordered structure; therefore, all selected nucleotides are not shown in (C) and (D) . The figures were created in Pdb swiss prot viewer. Figure 7A ), in contrast, associations of the factor with either the large subunit or small subunit individually are very weak or almost undetectable ( Figure 7A , rows 2 and 3, respectively), even when crosslinking is used to stabilize the interactions before purification [51] . Nevertheless, the weak interaction of RF2 with the large ribosomal subunit can be enhanced by an isolated cognate stop codon, in the absence of the small subunit ( Figure 7B ; Brown and Tate, unpublished) . Since the decoding of the stop codon is not a large subunit function, the result in Figure 7B implies that a direct interaction of the codon with the factor does impart some conformational change that strengthens the RF interaction with the 50S subunit. Indeed, [ 32 P-labelled] UGAN has been shown to interact with the RF in the absence of either of the subunits or the intact ribosome, whereas no binding could be detected with a series of non-cognate stop and sense codons tested (McCaughan and Tate, unpublished). A similar enhanced binding of RF to the small ribosomal subunit by cognate codon was also obtained, but since the mRNA binds to this subunit this result was not unexpected.
Preliminary results from the new SERF strategy selected two classes of fragments of rRNA for the RF ribosome footprint. Firstly, rRNA fragments were selected that were consistent with previous biochemical or structural studies that implicated a regional involvement in termination; secondly, the strategy selected a small number of rRNA fragments that were unexpected and were from regions not previously supported by the models of the RF on the ribosome. A good example of the first type of rRNA motifs is the protein L11-associated rRNA, where there are already accumulated biochemical data supported by the cryoelectron microscopy and X-ray structures, which not only suggest a close proximity of the bacterial decoding RFs, RF1 and RF2, to this region but also suggest that the orientation of the two factors must be different to the extent of having a profound differential effect on their activities (discussed in more detail below). An example of the second class is a fragment isolated from the region of the L1 stalk. The isolation of fragments from this side of the ribosome, distant from the side that the factors enter, could simply represent RNA fragments that are 'false positives', but the recent evidence of L1 stalk movement towards the active centre during protein synthesis (and the fact that both the bacterial and mtRF1-type factors selected different fragments from this region) means even such unlikely rRNA sequences might be worthy of further investigation.
Significantly, the range of fragments selected by the bacterial RFs did not map in a scatter pattern (Figure 8 ) over the structures of the rRNAs in a manner that might have indicated significant non-physiological 'noise' in the selections. Additionally, most selected fragments scored positive when tested in a yeast three-hybrid RNA protein interaction system that we used as an independent measure to confirm the interactions. There were only two different fragments isolated from 16S rRNA, and only one of these was isolated multiple times. Five fragments from 23S rRNA were isolated multiple times (and a number of others singly), and a fragment from the 3′ part of 5S rRNA was isolated many times. Most fragments were isolated by both factors, or two RF1s, bacterial RF1 and mRF1 (UAA, UAG specificity). The relatively small number of fragments selected may reflect that the factors actually make relatively few significant contacts with rRNA, or, perhaps as likely, the affinity of each factor for any one site is low and, therefore, the technique provides a selection tool of relatively high stringency.
The structure of the backbone of 16S rRNA is shown in Figure 8A and 8B. The results obtained in the SERF selection with the two bacterial factors, RF1 and RF2, can be mapped onto the structure. The regions illustrating the two fragments of the rRNA that have affinity for RF1/RF2 are shown in red and green, respectively. Helix 44, traversing from the decoding site at the top to the bottom of the subunit, is shown in a darker grey as an anchor point in Figure 8A . In this small subunit, both bacterial factors RF1 and RF2 selected multiple times a fragment of helix 21 (red) that is part of the central domain of 16S rRNA. The central domain is dominated by helices 21-23 and helix 21 wraps around the back of the 5′ domain. In addition, a single isolate of a fragment of helix 24 (green) was selected with RF1. Helix 24 contains the conserved 790 loop and its vicinity to RF1 and RF2 was earlier indicated by hydroxyl radical footprinting from specific sites on the factors [19, 53, 54] .
From the large subunit rRNA, RF1 and RF2 selected some fragments in common and some uniquely. Figure 8C and 8D show these fragments mapped onto the backbone structure of 23S rRNA from Deinococcus radiodurans at 3.1 Å [52] . A common fragment selected by both factors was from domain VI (nucleotides 2640-2670) that comprises the sarcin-ricin loop (helix 95). Previously, we have shown that the RF2 ribosomal interaction affects the chemical reactivity of nucleotides within the loop (Brown and Tate, unpublished). The sequence and overall structure of this loop is critical for its function [55, 56] . This loop is located within domain VI of 23S rRNA at the surface of the ribosome below the GTPase-associated centre. The vicinity of RF2 to this loop was also indicated by cryoelectron microscopy [30, 31] .
Does this analysis give any insight into initial contacts made by RF during its interaction with the ribosome? The 3′ end of 23S rRNA, exposed at the surface of the ribosome near to the factor entry site to the active centre, was selected npg by SERF with both bacterial factors. The regions selected by RF1 uniquely included nucleotides from the GTPaseassociated centre (helix [42] [43] [44] . The GTPase-associated centre (including proteins L11 and L7/L12 stalk) is also at the side of the subunit where the RF enters the active centre of the ribosome. Selection of these fragments is consistent with past biochemical studies of factor-dependent termination that implicated the regions in which they reside. The L11 region has long been known as important for both RF1 and RF2 function. Ribosomes lacking L11 (derived from E. coli mutants) [57] [58] [59] were inactive with RF1 in vitro (but hyperactive with RF2) [60] and this phenotype could be simulated by a specific N terminal tyrosine (Y7) modification on L11 that also abolished RF1 function [61] . The ribosomal region has been inferred previously to be relatively close to RF1 by hydroxyl radical footprinting [53] as well as to EF-G [54] . The cryoelectron microscopy model [30, 31] , hydroxyl radical footprinting [19, 51] and genetic analysis [57] all confirmed the importance of this region of 23S rRNA as a site of potential interaction between factor and ribosome during translation termination.
A more centrally located region in domain IV of 23S rRNA was specifically selected by RF2 ( Figure 8D ). This region is located at the subunit interface and nucleotides in this region are involved in making bridges between the 50S and helix 44 of the 30S subunits [62] . This region is relatively close to the GGQ motif of RF2 as shown by hydroxyl radical footprinting [19] .
A 5S rRNA fragment (nucleotides 89-120) was the most common fragment repeatedly selected by RF1 and RF2. This region is located in domain IV or loop D of 5S rRNA. From the structure of the large subunit ( Figure 8C and 8D) , it is clear that these nucleotides make a bridging interaction with domain II and V of 23S rRNA and are critical for ribosomal function [63] [64] [65] . Mutation of a conserved nucleotide (U89) in loop D of 5S rRNA disturbs ribosomal function [66, 67] .
The global footprint of RF2, from reconstructed cryoelectron microscopy images and X-ray structures of this factor and RF1 on the ribosome in a fixed termination state, assisted greatly in assessing the significance of the fragments selected [30] [31] [32] . Those in near proximity to the derived positions are the sarcin-ricin loop, the central region of domain IV of the 23S rRNA, the L11 region and helix 24 in the small subunit (both RF1-derived fragments). Although the 5S rRNA subdomain would appear to be somewhat distant, its position seems quite flexible with crosslinks found from nucleotide U89 to several nucleotides of 23S rRNA quite close to the RF2-derived image [63, 68] . Putative interactions of fragments that are quite distant from the imaged RF footprints and located at the extremities of the subunit, such as the exposed 3′ terminus of the 23S rRNA on the factor entry side, the L1 structure (RF1) and the helix 21 region of the small subunit, require further validation.
Two separate models proposing two-stage binding of RF to the ribosome have been previously suggested to explain genetic and biochemical data. The first invokes initial ribosomal binding of RFs prior to codon recognition with the involvement of the N terminal domain (domain I in RF2) [69] , and the second is a kinetic model involving two binding states (state 1 facilitating initial ribosome binding, and either a competent state 2 involving formation of a termination complex with cognate codon or a non-competent state 2 with near-cognate or non-cognate codons) [70] . Although the existence of folded and unfolded forms of RF2 was not appreciated at the time these models were proposed, unfolding of domain III could be mediated following cognate codon recognition after the codon independent initial binding (state 1). Correct orientation of this domain at the PTC and domain II of RF2 at the decoding site, determined by whether there is a cognate (stop) or non-cognate codon in the A site, would result in the termination competent state (state 2). Hence, some of the exposed outer fragments of rRNA determined to have affinity for RFs in the current study might be important for this initial binding or transition to the termination competent state represented by the cryoelectron microscopy of RF2.
Accommodation of the decoding RF at the PTC
Following cognate tRNA/sense codon recognition in the A site, there is an accommodation of the tRNA as it swings into the PTC. What have the structures suggested regarding how the decoding RF is accommodated following cognate stop codon recognition? The X-ray structures of the ribosome showed that there were no ribosomal proteins within about 18 Å of the site of key rRNA structures thought to be where the catalytic activity of the ribosome resides. This means that it is exclusively an RNA centre, apart from the specific site of peptide bond formation where the growing peptide chain is transferred to the incoming amino acid, during the elongation of the growing polypeptide chain when the tRNA occupies the ribosomal A site. However, in the termination event of protein synthesis, uniquely, a protein decoding RF extends up to the catalytic centre. The crystal structures of the RFs on the ribosome show that the loop at the extremity of domain III (containing the GGQ motif and several other residues flanking this motif) comes into close contact with the PTC [32] . It is ordered, faces the last 3′ nucleotide of the P-site tRNA carrying the completed polypeptide and is in the close vicinity of several important 23S rRNA nucleotides of the PTC. Of the nearest nucleotides, A2451 has been implicated as having a catalytic role in peptide bond formation [71, 72] , and U2602 has been www.cell-research.com | Cell Research Elizabeth S Poole et al. 603
npg previously implicated as the most important nucleotide for the hydrolysis event that releases the completed polypeptide [72] . These findings are highly provocative to support the contention that the decoding RF might participate quite directly in polypeptide release. However, the resolution of the X-ray structure of the termination complex is not high enough to place the individual side chains of the RF2 loop (residues 244-257) or to observe whether a water molecule is associated with a particular amino acid. Of interest is that the site in the RF2 protein most sensi- L239C  R240C  I241C  V243C  Y244C  R245C  T246C  S247C  G248C  A249C   RF2  G250C  G251C  H253C  V254C  N255C  R256C  T257C  E258C  S259C  A260C  V261C   RF2  R262C  I263C  T264C  H265C  I266C  P267C  T268C  G269C  I270C  V271C  T272C  Q273C   RF2  D238C  L239C  R240C  I241C  V243C  Y244C  R245C  T246C  S247C  G248C  A249C   RF2  G250C  G251C  H253C  V254C  N255C  R256C  T257C  E258C  S259C  A260C  V261C   RF2  R262C  I263C  T264C  H265C  I266C  P267C  T268C  G269C  I270C  V271C  T272C The release factor at the ribosomal active centre 604 npg tive to proteolytic cleavage, identified as between amino acids 244 and 245, is at the start of this loop. Cleavage abolished the peptidyl-tRNA hydrolysis function of the PTC, which led to our proposal of the tRNA analogue hypothesis for the decoding RF in 1994 [11] . The next residue in the loop at position 246 is also particularly interesting. In most RF2 genes the codon at this position encodes Ala or Ser (the residue at this position in E. coli RF1) [73, 74] . Unusually, the E. coli K12 genome has Thr at position 246. When the RF2 protein is expressed in E. coli from this gene, the recombinant protein binds to the ribosome with the expected specific activity for codon recognition but with a low or sometimes no specific activity for hydrolysis. In contrast, the RF1 gene can be expressed to give a protein with the expected specific activities for the two main functions, codon recognition and peptidyl-tRNA hydrolysis. This loss of activity in RF2 seems to be solely dependent on amino acid 246 since if the Thr is substituted by the typical amino acids in these positions (Ser or Ala) specific activity is restored to normal levels. A lack of a methyl modification on Q252 of the GGQ loop in the highly expressed protein may, however, be the tipping point, perhaps because the RF2 concentration exceeds the capacity for the modifying enzyme. Now, the slightly longer side chain of Thr over Ser or Ala apparently can no longer be accommodated at the 'hydrolysis site' leading to dramatic loss of activity. Of interest is that U2602 was cleaved at high frequency when hydroxyl radicals were released from amino acid 246 in the Thr246Cys protein variant [19] . These data also point to the RF having an intimate relationship with the PTC.
To further test this we systematically changed amino acids 238-273 from the existing residues to cysteine rather than alanine as cysteine can potentially be used as a 'launching site' for hydroxyl radicals to facilitate mapping the positions of these residues relative to ribosome structures. Interestingly, the codon-dependent binding activity of these variants to the ribosome was mostly enhanced by changes to domain III amino acids ( Figure  9A) . A small number of the variants had modest reduction in their binding activity but none of these included the 11 residues within the 'GGQ' loop. The hydrolysis function of these variant RF2s was measured both with the cognate codon, UGA, and with the non-cognate stop codon, UAG, as a control. The variants involving loop residues all had severely reduced activity with the cognate codon (and specificity was maintained -in no case was there activity with the non-cognate codon) ( Figure 9B ). Interestingly, an exception for the severe effect of changes in loop residues was the variant T246C. Changing the Thr to Cys produced the least affected variant, perhaps reflecting that the Thr in this position was already significantly compromising the activity of the hydrolysis function of recombinant RF2. In our hands, the variant Q252C of the GGQ loop could not be isolated without incurring other mutations in the adjoining region (70 clones screened) and no data are shown for this particular variant. These mutagenic studies highlighted that all of the amino acids in the loop region of RF2 are important for sustaining the hydrolysis function. Amino acids close to the beginning and the end of the loop in the helix extending it to the catalytic centre are also quite sensitive to changes (residues 240 and 241 before the loop; and residues 259, 260, and 262 after the loop) as significant loss of hydrolysis activity was observed when these residues were substituted, but beyond that the substitutions can be made generally without significant loss of the hydrolysis function.
The recent observation of the intimate contact between residue 246 and nucleotide 2602 is particularly important (as described above U2602 has been previously implicated as the most important nucleotide for the hydrolysis event that releases the completed polypeptide [72] ). This nucleotide has a water molecule positioned close by in structures of the large ribosomal subunit complexed with novel transition state analogues, aimed at unravelling the mechanism of peptide bond formation [75] . The water molecule interacts with the oxyanion of the transition state tetrahedral intermediate. This could also be 'the water molecule' that is the acceptor for the completed polypeptide at hydrolysis during peptide chain termination, perhaps hydrogen bonded to amino acid 246 of RF2.
Conclusion
Three major questions remain in our understanding of how the decoding RF can functionally mimic a tRNA in the RNA-rich active centre of the ribosome. Considerable progress has been made with the comprehensive biochemical and structural evidence supporting a functional mimicry. The idea of structural mimicry as well is now blurred by the knowledge that the decoding protein undergoes major conformational changes to fulfil its funtion. One question to be resolved is how the factor, mRNA and rRNA achieve a high fidelity recognition of the stop signal and what microstructural changes occur when a cognate stop signal is detected. The biochemical and structural data, in particular, have recently provided an excellent platform to advance this knowledge. The second major question is how and at what point in the termination mechanism the critical structural change in the factor occurs as well as what are other structural changes that accommodate the factor at the PTC. Novel approaches and existing strategies perhaps drawn from other systems will likely give insight into these processes. Finally, the question of how the PTC carries out its catalysis functions (including hydrolysis of www.cell-research.com | Cell Research Elizabeth S Poole et al. 605 npg the completed polypeptide away from the last tRNA) is still to be resolved although there are now some tantalizing hints. Does the RF co-ordinate a water molecule at the site for the reaction; or does it carry a water molecule in with it or provide an electrostatically acceptable channel for water to enter and participate in the hydrolysis of the polypeptide from the tRNA, with the water molecule as the acceptor rather than the alpha amino group of an incoming amino acid?
Note added in proof: A just published crystal structure of RF3 [76] does not support a role for RF3 extending down to the decoding site despite the observed sequence homology with domain IV of EF-G. Additionally, it has now been established residue A2541 of the 23SrRNA is unlikely to have a catalytic function in peptide bond formation as previously thought, rather its likely role is in structural ordering of the peptidyl transferase centre and participating in a network of hydrogen bonds at the site [77] .
